Introduction
Differential cross-section measurements are important studies of Higgs boson production, probing Standard Model (SM) predictions. Deviations from the predictions could be caused by physics beyond the SM [1, 2] . Both the ATLAS and CMS collaborations have measured differential cross sections in the H → γ γ , H → Z Z * → 4 (where = e, μ) and H → W W * → eνμν decay channels [3] [4] [5] [6] [7] [8] [9] [10] .
This Letter describes the combination of two fiducial crosssection measurements in the H → γ γ [11] and H → Z Z * → 4
[12] decay channels, which were obtained using 36.1 fb −1 of pp collision data produced by the Large Hadron Collider (LHC) in 2015 and 2016 with a centre-of-mass energy of 13 TeV and recorded by the ATLAS detector [13] . The combined cross section is extracted for the total phase space, increasing the degree of model dependence compared to the individual measurements, which were performed in a fiducial phase space close to the selection criteria for reconstructed events in the detector. Despite the additional systematic uncertainties assigned to the extrapolation to the total phase space, the combination significantly reduces the measurement uncertainty compared to the results in the individual decay channels.
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The measured observables include the total production cross section, the Higgs boson's transverse momentum p H T , sensitive to perturbative QCD calculations, and the Higgs boson's rapidity |y H |, sensitive to the parton distribution functions (PDF). Furthermore the number of jets N jets is measured in events with a Higgs boson and jet transverse momentum above 30 GeV, as well as the leading jet's transverse momentum p j1 T . Both the N jets and p j1 T observables probe the theoretical modelling of high-p T QCD radiation in Higgs boson production. The N jets observable is also sensitive to the different Higgs boson production processes [14] .
The cross sections are obtained from yields measured in the H → γ γ and H → Z Z * → 4 decay channels, which are combined taking into account detector efficiencies, resolution, acceptances and branching fractions. For each decay channel and each observable, the cross sections can be written as
where i is the iterator over the bins of the observable of interest, σ i is the cross section in bin i, N sig i is the number of measured reconstructed signal events following the analysis selection, L is the integrated luminosity and B is the branching fraction. The term C i is the correction factor from the number of events reconstructed to the number of events at particle level produced in the respective fiducial phase space, and A i is the acceptance factor extrapolating 
Table 1
Monte Carlo samples used to simulate Higgs boson production, including the generators, accuracy of calculations in QCD, and PDF sets.
Process Generator Accuracy in QCD PDF set ggF Powheg-Box v2 (NNLOPS) [20] [21] [22] [23] NNLO in |y H | [24] , p H T consistent with HqT (NNLO + NNLL) [26, 27] PDF4LHC [25] VBF Powheg-Box v2 [20] [21] [22] 28 Table 2 Cross-section predictions used to normalize the MC samples, the accuracy of the calculations (in QCD if not noted otherwise), and the composition of the production modes in the SM.
Process Accuracy Fraction [%] ggF N 3 LO, NLO EW corrections [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] 8 7 .4 VBF NLO, NLO EW corrections [51] [52] [53] with approximate NNLO QCD corrections [54] 6.8
V H
NNLO [55, 56] , NLO EW corrections [57] 4 .1 tt H NLO, NLO EW corrections [58] [59] [60] [61] 0 .9 bbH five-flavour: NNLO, four-flavour: NLO [62] 0 .9 from the fiducial to the total phase space contained in the bin of interest.
Predicted branching ratios and production cross sections are ob- acceptance factors and uncertainties are calculated for the combination, as discussed in Section 3. Section 4 presents the combination methodology. The results are discussed in Section 5.
Higgs boson Monte Carlo samples, cross sections and branching fractions
Predictions of SM Higgs boson production are used in the calculation of the correction and acceptance factors, and are compared to the measured cross sections. The Monte Carlo (MC) event generators that were used to simulate gluon-gluon fusion (ggF), vector-boson fusion (VBF), associated Higgs boson production (V H, V = W , Z ), and Higgs boson production in association with a heavy-quark pair (tt H, bbH) are listed in Table 1 . The accuracy of the calculations and the PDF sets used are also given, with the abbreviations NLO for next-to-leading order, NNLO for next-to-nextto-leading order, and NNLL for next-to-next-to-leading logarithm. For ggF, VBF, V H, bbH in both decay channels and tt H in the H → γ γ decay channel, Pythia8 [16, 17] was used for the decay, parton shower, hadronization and multiple parton interactions. For tt H in the H → Z Z * → 4 decay channel, Herwig++ [18, 19] was used.
The samples are normalized to the cross-section predictions taken from Refs. [14, [34] [35] [36] . These predictions were obtained assuming a Higgs boson mass of 125.09 GeV [15] to calculate cross sections and branching ratios. Details are given in Table 2 , including the accuracy of the calculations, and the composition of the production modes in the SM. N 3 LO is the abbreviation for next-tonext-to-next-to-leading order, and EW stands for electroweak. In addition to the NNLOPS sample (see Table 1 ) scaled to the N 3 LO cross section with a K -factor of 1.1, further SM ggF predictions are compared with the measurements. If not mentioned otherwise, the cross sections predicted by the respective calculations are used. For the comparison with data, the non-ggF Higgs boson production processes are added using the samples and cross sections described above.
• to the gluon form factor. The underlying NNLO predictions are obtained using MCFM8 with zero-jettiness subtractions [73, 74] .
• The p j1 T measurement is compared with SCETlib, with NNLL + NNLO 0 accuracy 2 [72, 75] .
• Multiple predictions exist for different bins of the N jets distribution. Considered here are the STWZ-BLPTW prediction [14, 75, 76] , which includes NNLL +NNLO resummation for the p T of the leading jet, combined with a NLL +NLO resummation for the subleading jet, and the JVE-N 3 LO prediction [77] , which includes NNLL resummation of the p T of the leading jet with small-R resummation and is matched to the N 3 LO total cross section. In addition, predictions from Madgraph5_aMC@NLO, are compared with the full N jets distribution.
For ggF, VBF and V H, the PDF4LHC set is varied according to its eigenvectors [25] , and the envelope of the variations is used as the systematic uncertainty. 
Acceptance correction
The acceptance factors that extrapolate at particle-level from the H → γ γ and H → Z Z * → 4 fiducial phase space to the full phase space are estimated using the MC samples and cross sections described in Section 2. Their evaluation assumes SM Higgs boson production fractions and a Higgs boson mass of 125 GeV; the 90 MeV difference from 125.09 GeV has negligible impact on the Higgs boson kinematics and is covered by the systematic uncertainty from the Higgs boson mass measurement.
In the H → γ γ fiducial phase space [11], the selected events have two photons with pseudorapidity 3 |η| < 1.37 or 1.52 < |η| < Theory uncertainties in the signal acceptance related to the PDF, higher-order corrections, and the parton shower are considered for the acceptance factors and are correlated between the two channels. Uncertainties due to the PDF and scales are estimated as described in Section 2. Uncertainties due to the parton shower are evaluated by comparing the ggF default showering Pythia8 with Herwig7. The uncertainty is derived from the full difference between the two cases. The Higgs boson mass is varied within the uncertainty of the ATLAS-CMS combined measurement [15] . To account for model dependence, the fractions of production modes are varied within the uncertainties from the dedicated measurements by the ATLAS and CMS collaborations [81] . For tt H, the 13 TeV ATLAS results are used [82] . The bbH cross section is varied within the uncertainties due to the PDF and higher-order corrections [14] . The total systematic uncertainties of the acceptance factors range between 0.4% and 5%, depending on the observable and bin. The parton shower uncertainty dominates.
The inclusive acceptance factors are 50% for the H → γ γ channel and 42% for the H → Z Z * → 4 channel (relative to the full phase space of H → Z Z * → 2 2 , where , = e or μ). The acceptance is lower for H → Z Z * → 4 than for H → γ γ since it is less likely for four leptons to fulfil the fiducial requirements. 
Statistical procedure
The combined measurement is based on maximizing the profile-likelihood ratio [83] : The likelihood function L includes the signal extraction, the correction to particle level, and the extrapolation to the total phase space in each channel. Therefore, the total cross section as well as the cross sections in different bins for each observable can be derived directly as parameters of interest σ based on the combined data set from the H → γ γ and H → Z Z * → 4 channels.
The distribution shape and normalization systematic uncertainties of all components are included in the likelihood function as nuisance parameters θ with constraints from subsidiary measurements. This allows the uncertainties to be correlated between bins, decay channels, and correction and acceptance factors. The uncertainty components of the predicted branching ratios are correlated between the decay channels, as well as the uncertainties in the acceptance and correction factors due to production mode variations, PDF and higher-order corrections, and the parton shower. The uncertainty in the Higgs boson mass, including its effect on the predicted branching ratio, is also correlated between channels. Experimental uncertainties in the correction factors and the signal extraction in the H → Z Z * → 4 decay channel, like the energy scale and resolution of electrons, photons, and jets, and in the luminosity measurement and pileup modelling are also correlated. Where one bin in one of the measurements corresponds to two bins in the other, the wider bin size is used. The sum of the cross sections in the finer bins is considered as the parameter of interest in these cases, and an additional unconstrained nuisance parameter that floats in the fit describes the difference between the merged bins. The normalization and shape uncertainties of the H → γ γ background estimate [11] are fit to the data as nuisance parameters without any initial constraint.
The test statistic −2 ln is assumed to follow a χ 2 distribution for constructing confidence intervals [83] . This asymptotic assumption was tested with pseudo-experiments for bins with low numbers of events and found to be appropriate.
The level of agreement between the two channels in the total phase space is evaluated by using a profiled likelihood as a function of the difference of the cross sections in each bin i, σ
The number of degrees of freedom is the same as the number of bins in the tested distribution. The probability that a measured differential cross section is compatible with a theoretical prediction is found by computing a p-value based on the difference between the value of −2 ln at the unconditional maximum-likelihood estimate and the value obtained by fixing the cross sections in all bins to the ones predicted by the theory. The uncertainties in the theoretical predictions are ignored when calculating the p-values. Including these uncertainties would increase the p-values.
Results
The total cross section is measured to be 47.9 For all differential observables and bins, the measurement is dominated by statistical uncertainties, which vary between 20% and 30%. Significant uncertainties affecting all observables, includ- T reflect the lower predictions compared to the measurement for high jet p T . Compatibility checks of individual bins indicate less than 3σ local discrepancy.
Conclusion
A combined measurement of the total and differential cross sections in the H → γ γ and H → Z Z * → 4 decay channels was performed, using 36.1 fb −1 of 13 TeV proton-proton collision data produced by the LHC and recorded by the ATLAS detector in 2015 and 2016. Good agreement is observed when comparing the re- 
